We present the design and performance of a highresolution, high charge sensitivity imaging camera system for the APS linac beam profile measurement. Electron beam distribution is converted to light intensity distribution using standard YAG or optical transition radiation (OTR) screens. Two CCD cameras share the light through a beam splitter, each with its own imaging optics. One camera is normally set to a low magnification to give a full view of the converter screen (20 mm x 15 mm), and the other is set to a high magnification for measuring small beam. The overall dimension of the camera system is 400 mm x 165 mm x 110 mm. The focus and irises are driven by stepper motors and are remotely controlled. The fixed magnification and remotely controlled focus enable high reproducibility during beam-based setup of the optics. On bench test, the camera gave better then 10-pm resolution and better that 1 % reproducibility of the magnification.
INTRODUCTION
.o Normalized emittance
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A chicane bunch compressor was designed and implemented at the APS in 2000 [l] to increase the peak current of the bunch and improve the performance of the low-energy undulator test line (LEUTL) free-electron laser (FEL). It is expected to operate at -200 MeV with normalized emittance in the range of 1 IC to 4 IC mmmrad.
Coherent synchrotron radiation (CSR) effects are expected to be significant at these emittance levels. Their study calls for accurate emittance measurement at the level of several percent or better.
Several authors [2-41 have shown that resolution at 10-micron level is well achievable for electron beam size measurements. The technical challenge here is to perform these measurements with the same high resolution, reliability, reproducibility, and accuracy needed. In this work, we describe a compact, modular imaging system designed to meet this challenge. 
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DESIGN SPECIFICATIONS
Summations are in quadrature.
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OPTICS DESIGN
While the camera is designed to accommodate lens systems for a wide range of magnifications, we present only one set of calculations here to demonstrate some of the information one obtains using ray tracing programs. Figure 1 shows the imaging optics we modeled with the ZEMAX ray tracing program. (1) for monochromatic light, the diffraction-limited resolution dominates at the focal plane; (2) for the narrow-band optics (corresponding to the spectrum of YAG scintillation) the resolution is dominated by the chromatic aberration; (3) for the broadband optics (corresponding to the OTR spectrum) the resolution further worsens by about a factor of two; and (4) when the object is 200 pm out of focus, the defocusing starts to dominate the total resolution. We conclude that the resolution for this design is within the budget given in Table 2 , for both cases of 1 x and 4 x mm.mrad emittance. 
OPTO-MECHANICAL DESIGN
From the last two sections, the main goals of the optomechanical design are:
Provide sturdy support for all optical components and two CCD cameras. Tolerance for lateral vibration is less than 5 pm. Make lens mounts available along the transport so that configurations of different magnification can be implemented as needed. Provide shielding for cameras from scattered ionizing radiation and from background light.
Provide remote controlled motion for the entire optics / camera assembly, so that the focus can be maintained to within 200 pm and to keep the calibration unchanged.
The resulting design is shown in Figure 2 . It is based on 70-mm vacuum cube that can be mounted and operated in any orientation. We choose 25-mm achromat lens format for its availability in many focal lengths. Other design features of the flag system include:
Two screens (YAG and OTR) are available at the same location. Two cameras, high-resolution and low-resolution (beam finder) cameras, are installed at the same location sharing the light through a beam splitter. A calibration grid is part of the camera to verify that bench calibrations have not changed in time.
Focusing is remotely controlled to utilize two different types of screens and to maintain the camera in sharp focus. Irises are remotely controlled to operate the CCD at the appropriate intensity level. Two bends and tungsten enclosures are used to shield the CCD camera from line-of-sight paths to first (YAG screen) and most secondary scatterers. Only tertiary scattering can reach the camera. The 
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CALIBRATION AND MEASUREMENT
In the past we have used machined features (straight edges, holes, etc.), as well as photographically-reduced dot-matrices / grids as calibration / focusing aids. But the results have not been very reproducible and sometimes even dependent upon the operator. These aids could not give us quantitative information about image properties that vary across the field of view. Additional errors are introduced when the dimensions of the grids vary from one station to another. In order to better characterize our cameras, we constructed a calibration stand, where the YAG screen is replaced with an illuminated 5-pm pinhole. The pinhole source is supported on precision translation stages, which scan in three dimensions with an accuracy of better than 5 pm over the entire travel. The video image of the pinhole is digitized, averaged, and fitted with Gaussian function 141. With a UNIX script controlling the calibration processes, the pinhole is first positioned near the center of the video field and scanned longitudinally to locate the focal distance. Next, the source is put in focus but scanned in the transverse directions. Fitting the image centroid to the pinhole coordinate gives the calibration scale in pdpixel. The raw data and the postprocessing graphs for every camera are stored as SDDS or postscript files and are accessible from that camera's control screens via HTML links.
The above procedures have been applied for a single camera multiple times to test for consistency. When the pinhole is adequately illuminated, the calibration results are reproducible to within 0.5%, well within budget ( Table 2 ). The measured resolution for the configuration in Fig. 1 varies slightly from camera to camera, all between 8.5 and 9.5 pm. Table 4 compares the measured beam size uncertainty with the design target. It is apparent that the camera assembly has achieved its original design goal. The cameras have been used for studies of the low-emittance beam [5] . While the initial results are encouraging, further characterization with electron beam is needed to better understand the effect of the converter screen, the interplay between the screen efficiency (counting statistics) and saturation, and to separate the linac's jitter from the statistical fluctuation. 
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